Using an optical lattice formed by four laser beams, we obtain three-dimensional light-induced crystals of 490 nm diameter polystyrene spheres in solution. The setup yields face-centered orthorhombic optical crystals of a packing density of about 40%. An alignment procedure is developed in which the crystals are first prepared near a sample wall, and then in the bulk of the sample. A series of tests is performed that demonstrate particle trapping in all three dimensions.
Three-dimensional arrays of submicron particles generated by a four-beam optical lattice We have realized artificial crystals of sub-micron particles in solution. In contrast to crystals in the usual sense, these are non-frozen, periodic particle assemblies held together by the optical forces generated by an optical lattice. Optical lattices are formed by the interference of multiple intersecting, coherent laser beams. Sub-wavelength-sized particles immersed in the field get trapped at periodic lattice sites due to the electric polarizability of matter. This trapping method is widely applied to atoms in a vacuum environment [1, 2] as well as to mesoscopic particles in solution. The light force consists of a "scattering force", which is proportional to the intensity and pushes the particle in the direction of the incident light, and a "gradient force", which is proportional to and in the direction of the intensity gradient [3, 4] . Stable traps, or optical tweezers, are realized when the gradient force is larger than the scattering one [5] . Single-particle optical tweezers have proven useful in a remarkable number and range of applications [6, 7] . Their versatility has further increased with the realization of multiple trapping sites. Schemes have been developed that provide a large number of periodic one-dimensional (1D) traps [8] or complex 2D and 3D
arrangements of traps. To accomplish that, split laser beams can be recombined in multipurpose interference patterns [9] [10] [11] [12] [13] or first be resculpted using holographic techniques [14] [15] [16] [17] [18] .
While the scattering force is essential in implementing laser cooling of atoms [19] , it generally hampers the trapping of mesoscopic particles in solution at room temperature (T = 300 K). There, the gradient force must be large enough to outweigh the scattering force, and the potential that underlies the gradient force must be deeper than k B T to localize the particles against the Brownian motion. For single-site optical tweezers, a microscope objective with high numerical aperture (NA) is required to bring the laser beam to a tight focus, thereby creating a large axial gradient force capable of counter-balancing the axial scattering force. In multiple-site tweezers, several smaller-diameter laser beams may be introduced into a microscope objective to form an optical lattice at the focal plane. The effective NA of those beams is then necessarily diminished, and the gradient force at the focal point is no longer sufficient to counter-balance the forward scattering force. This problem has been addressed, for example, by adding a counter-propagating beam [6] , or by using highly reflective optics [8, 20] . In some experiments, the scattering force was left unbalanced, in which case the particles were pushed against a sample wall, leading to traps of reduced dimensionality.
In this work we generate optical crystals of sub-micron particles using an optical lattice formed by four laser beams. The beam geometry is highly symmetric and therefore conducive to the achievement of radiation pressure equilibrium, which is essential in obtaining stable, 3D optical crystals away from the cell walls. An important property of the four-beam geometry is that phase variations of the trapping beams only result in lattice translations, but not in a change of lattice structure or a loss of trapping functionality. This property leads to an intrinsic stability of the lattice against random phase drifts of the lattice beams. It further provides us with the opportunity to manipulate the particle positions via phase control. The setup is economical and efficient, as four is the smallest possible number of lattice beams that can generate 3D periodic arrays of optical traps. The obtained optical crystals have an approximately face-centered orthorhombic structure, are quite densely packed, and can be formed remotely from the cell walls.
II. EXPERIMENTAL SETUP
A sketch of the experimental setup is shown in Fig. 1 Figure 1 . A high degree of symmetry is provided by making sure that all beams propagate parallel to and at equal distances (of 1 mm) from the shared axis of the objectives. Furthermore, the distance between the objectives is adjusted so that the lattice beams enter and exit them at the corners of a square (see Figure 2) . In this arrangement, a highly symmetric four-beam optical lattice is formed at the confocal point.
The sample cell is fabricated from two standard 170 µm microscope cover slips separated which exhibits periodicity in x-and y-directions, but not in z. Hence, this case generates a 2D lattice but not a 3D one (assuming particles with isotropic polarizability). If one pair of beams is s-polarized and the other p-polarized, as in Figure 2 , the intensity is:
Finally, with all beams p-polarized, I(r) becomes:
In the last two cases, the intensity patterns are periodic in x, y and z, corresponding to 3D optical lattices. The lattice periods are a = b = λ/ sin ϕ in x-and y-directions, respectively, and c = λ/(2 cos ϕ) in z-direction. The intensity for all beams p-polarized takes a particularly simple form when ϕ = π/4, which is the configuration targeted in our experiment:
For all cases, one can easily show that phase shifts of the beams only result in overall translations of the intensity distributions. The lattice structure therefore is inherently stable against phase changes that occur over time scales that are longer than the response time of the trapped particles. Additionally, phase ramps applied to one or more lattice beams can be used to perform controlled translations of the trapped particles. Other methods of particle translations, not directly applicable to our setup, include ones that are based on holographic techniques (for a recent, sophisticated method see Ref. [21] .)
B. Crystal structure
Since the particles are trapped at the maxima of the intensity, the crystal structure for the case described by Eq. 2, which is the one we targeted in the experiment, is revealed by identifying all locations where the product sin(Kx/ In the experiment, the optical crystals are observed via one of the microscope objectives from the z-direction. Hence, the observed, apparent lattice structure corresponds to that of the FCO lattice projected onto the xy-plane. In the observed two-dimensional projections of the optical crystals we expect to find square crystals with apparent side lengths p x = p y = a/2 = λ/ √ 2 ≈ 570 nm. Particles that appear as nearest neighbors in the xy-projection of the crystal are offset from each other along the line of sight (i.e. the z-direction) by a
≈ 280 nm. This z-displacement is so small that it is not (easily) detectable in microscopic images of the crystal. The true three-dimensional distance between particles that appear as nearest neighbors in the xy-projection is about (
Particles with identical x-and y-positions that are stacked up along the z-direction have a separation of c = λ/ √ 2 ≈ 570 nm. If several particles are stacked up in z-direction, some of them will be hidden and/or slightly out of focus in microscopic images of the crystal. This results in the impression of one "larger than usual" particle, as seen in several of the figures below.
C. Lattice volume
In this work we have used laser powers, summed over all four beams, of up to about 400 mW, limited by the damage threshold of the microscope objectives. At a fixed power, there is a tradeoff between lattice volume and light intensity within that volume. A suitable compromise is found by varying the lattice beam diameters at the back apertures of the microscope lenses. Smaller beam diameters correspond to smaller effective NA for the beams, larger focal spot sizes and hence a larger lattice volume, and lower intensities and hence a lower trapping force. We seek a beam diameter that leads to a satisfactory lattice volume while still providing efficient particle trapping.
The numbers of lattice planes, N x and N y in the x-and y-directions, are given by the apparent lattice periods and the spot size w of the lattice beams at the confocal point:
We have targeted values of N x ≈ N y in the range of five to ten. With sin ϕ of order 0.5, we seek a spot size w of order 5 µm, or about ten times the microscope resolution at 1064 nm. The desired diameter of each beam at the back aperture of the objectives is therefore about 0.5 mm, i.e. one-tenth of the back aperture diameter. To achieve that, a short 1:2 telescope is mounted approximately at the midpoint between the laser aperture and the microscope objectives. The telescope images the 1 mm diameter laser beam into 0.5 mm diameter collimated beams at the back apertures of the objectives. With these parameters, a lattice featuring of order one hundred stable sites is realized. We find that the trapping force for this lattice size is still sufficiently large to provide stable trapping.
IV. EXPERIMENTAL RESULTS
To realize 3D optical crystals experimentally, we devised a three-step protocol. First we form a 1D lattice using a single pair of beams focused downward onto the bottom wall of the sample cell. Next, we add the bottom-up pair of beams, also focused onto the bottom wall, resulting in a 2D crystal at the bottom wall. In the third step, the top and bottom objectives are raised by about 30 µm. This results in a 3D optical crystal in the interior volume of the cell, at a location where the scattering forces of all four beams approximately cancel. In the following, the steps are described in detail.
In the first step, we only use the top-down pair of beams (total power 80 mW to 150 mW).
The beams are focused at the cell bottom, where they interfere and form a 1D lattice in y-direction (see Figure 3 .A and B). The overall downward radiation pressure forces the particles to the cell bottom, thereby stabilizing the particles in z-direction. A fairly weak gradient force keeps the particles loosely bound in x-direction. The lattice loading typically proceeds as follows. When turning on the lattice beams, particles present in the beams and diffusing into them are pushed downward by the scattering force and are flushed into the interference region. There, they first form two distinct off-center 1D crystals at the perimeter of the interference region. This initial loading behavior is shown in Figure 3 .A. Since the particles have to overcome increasingly higher potential barriers to fill the most stable sites near the center, it takes seconds to minutes for the crystals to equilibrate (Figure 3 .B).
In the second step, a 2D lattice of beads in the xy-plane is formed by adding the bottom pair of beams, which propagate upward, as indicated in Figure 2 . The focal positions of the In the third step, 3D optical crystals are formed in the bulk of the sample volume by raising the top and bottom objectives by 35 µm and 30 µm, respectively, resulting in corresponding upward translations of the focal spots of the beams into the interior of the sample cell. Typically, additional fine-tuning in the range of several microns is required in order to achieve a stable 3D bulk crystal. The 3D crystals were found to be relatively sensitive to beam imperfections. This is expected, as in the 3D case deviations from radiation pressure equilibrium are not"healed" by the presence of a sample wall (as is the case for the 1D and 2D crystals described above). We further find that the down-going beams need to focus several microns above the foci of the up-going beams for a stable trapping region to exist. To estimate the transverse gradient force, we have performed a standard Stokes' drag measurement [22, 23] at a total power of 350 mW, for the case of a 2D lattice formed at the bottom wall of the sample (as in Fig. 3.C-F) . According to Stokes' law, a particle of radius R moving with speed v in a fluid of viscosity η experiences a friction force F = 6πηRv.
When the drag force on a trapped bead becomes larger than the opposing optical force, the bead escapes from the lattice. Ignoring negligible particle acceleration and thermal fluctuations, measurements of the particle escape speed yield the Stokes' force that equals the optical trapping force. In the experiment, we apply a linear voltage ramp to a piezoelectric actuator, which translates the sample cell in x-direction at a speed v x . The number of particles trapped in the lattice is recorded at the beginning and at the end of the translation process. In Figure 5 we plot the measured escape fraction vs v x and find an escape speed of v x ≈ 30 µm/s. In the calculation of the optical trapping force from the escape speed, we account for the fact that the lattice is formed at the bottom wall of the cell by using an effective water viscosity triple to that in bulk solution (10 −3 kg/(s m), see Ref. [23] ). For our 245 nm radius beads, a trapping force of about 0.42 pN is found. This result is in line with values obtained for other beam geometries [5, 23] and agrees quite well with a theoretical estimate presented in the next section.
V. ANALYSIS A. Packing density
A quantity of interest is the achieved packing density. A high packing density indicates that particle-particle interactions will be important, and that the optical crystal can possibly be tailored so that it exhibits a tunable photonic bandgap. In the present case, the optical crystals have FCO structure; hence, each elementary cell of a fully occupied crystal contains four particles. For a lowest-order estimate of the filling fraction, we assume that the effective refractive index of the particle-filled medium is given by the volume average, i.e.
where V is the total elementary cell volume, and V p is the particlefilled volume per elementary cell. This equation accounts for the fact that the effective refractive index is increased by the presence of the particles. For the packing density, V p /V , we then solve the equation
There, λ 0 is the vacuum wavelength of the lattice light, n w the refractive index of water, and n p that of the particles (here, n p = 1.59). Since each elementary cell has four particles, for given particle radius, R = 245 nm, the particle-filled volume is known,
Solving Eq. 3, we find a packing density Vp V = 43%. While this is lower than the maximum possible packing density (74%), it is larger than the maximum packing density of other structures (like the diamond structure, which has a maximum packing density of 34%). Therefore, the optical crystals prepared in this work are relatively dense. Further, the absolute number density of particles in the crystal, given by 4/V , equals 7.1 µm −3 . In comparison, relatively dense, one-dimensional arrays have been formed previously in Ref. [13] . If their setup was generalized to 3D, the resultant density would be of order 0.3 µm −3 , i.e. about an order of magnitude lower than the density we estimate for our setup.
B. Trapping force
Another important quantity characterizing the usefulness of the optical crystal relies in the depth of the particle trapping potential and the trapping force. A simple estimate for the trapping potential, W , and the gradient force, F = −∇W , for an isolated trapped particle can be made for particles with radius R ≪ λ [24] , for which
where V 1 is the single-particle volume. In this approximation, the particles exhibit an isotropic, polarization-independent response to the field, and the back-action of the trapped particles onto the field is neglected. The trapping force in x-direction, which is measured in the experiment, follows from the maximum x-derivative of Eq. 2 and Eq. 4:
Since in our case the particle radius is of order λ/4, the intensity gradient varies substantially over the particle volume, and Eq. 5 only yields an upper limit of the trapping force. An improved estimate is obtained by considering a trapping potential in which the intensity is averaged over the particle volume. This leads to an x-component of the gradient force:
which depends on r via the particle volume. The corresponding trapping force is F trap,x,av = max r |F x,av (r)|, evaluated along the path of easiest escape.
While the force measurement presented in Sec. IV is conducted with 2D crystals formed near the bottom cell wall, the laser configuration is identical with the configuration used to generate 3D crystals in the cell interior. Hence, we may assume that the optical trapping forces in the xy-plane are quite similar in the two cases. A comparison between the measured trapping force and the trapping forces that follow from Eqs. 5 and 6 is therefore in order.
For a single-beam power P 0 = 350 mW/4, an objective transmission η = 0.6 and an estimated beam cross section A = (5 µm) 2 , the single-beam intensity is I 0 = ηP 0 /A = 2.1 × 10 9 W/m 2 . For this intensity and the particle radius R = 245 nm used in the experiment, Eq. 5 yields a trapping force F trap,x = 1.7 pN, which exceeds the measured value of 0.42 pN by about a factor of four. Averaging the intensity gradient over the particle volume according to Eq. 6 yields a trapping force F trap,x,av = 0.45 pN, which agrees very well with the experiment.
Due to the uncertainty in the effective water viscosity used in the experimental analysis, the uncertainties in the intensity estimate, as well as the fact that the back action of the particles onto the field is neglected, the excellent level of agreement between F trap,x,av and the measured force must be considered somewhat coincidental. Nevertheless, the comparison shows that our setup generates trapping forces of the expected order of magnitude. The same calculation also shows that the barrier height between adjacent lattice wells is 25k B × 300 Kelvin. This result accords with the experimental observation that the optical lattice strongly suppresses the Brownian motion of particles trapped at a lattice site.
VI. CONCLUSION
Using a four-beam laser trap, we have obtained dense, light-induced, face-centered orthorhombic crystals of sub-micron particles in solution. The setup is very economical and may even be suitable for certain student labs. We have used a pair of Nikon E-Plan 100x, infinity-corrected objectives (cost about $400 each). There are no additional high costs, such as, for example, those associated with obtaining a spatial light modulator. The perfect mirror symmetry of the setup relative to the object plane considerably reduces the complexity of the optical alignment procedure: after aligning one of the four beams, the other three are fairly easy to align using the setup's symmetry. To our knowledge, the number density of the produced optical crystals is higher than previously achieved for a full 3D trap and for this particle size. Phase shifts of the laser beams have been used as a means of particle translation. The measured trapping force is within the expected range.
Since the interference patterns of multiple single-mode optical fields are inherently defectfree, the optical-lattice potentials derived from them are also defect-free. Further, for particles that are small enough to fit into the lattice wells, the single-site occupation probability approaches unity within the bulk of the optically induced crystals. Therefore, particle solutions containing only one type of suitable particles should result in optical crystals that are defect-free within the bulk of the crystal.
These properties point towards several future extensions and applications of the work.
We intend to further study the static and dynamic crystallization behaviors for different lattice geometries and particle-to-wavelength aspect ratios. We already have observed that lattice defects can be introduced artificially by simply adding a few impurity particles of significantly larger size; the role of impurities could be investigated further in the future.
Exploring the effects of particle-particle and particle-field interactions in densely packed optical crystals will be another possibility. In the present work, we already have established that self-consistent modes of the combined particle-field system should exist, as we did not observe spontaneous disintegration of crystals. It is of theoretical interest to identify selfconsistent solutions of the particle-field system, for large, densely packed particle ensembles.
This could lead to applications of optical crystals as novel media with a tunable photonic bandgap.
Considering the high particle number densities of order (λ/2) −3 , it should be possible to use Bragg scattering of short-wavelength light or soft X-rays to measure particle localization and obtain structural information of non-spherical, strongly localized particles. Optical lattices with elliptical equipotential surfaces and/or additional static electric fields could be used to achieve alignment (in addition to localization). Extensions of the work along these lines may lead to studies of biological matter arranged in artificial crystals (bacteria, viruses, proteins).
We have deposited a movie that visualizes some of the contents of this paper [25] .
